The exocytic pathway provides a physical route through which newly synthesized secretory and membrane proteins are deployed to the eukaryote cell surface. For newly synthesized ␣1-antitrypsin (AAT), the modification of its asparagine-linked oligosaccharides by a slow-acting mannosidase partitions the misfolded monomer into the proteasomal degradation pathway. Herein, we asked whether, and how, modification by endoplasmic reticulum mannosidase I (ERManI) contributes to the preferential selection of the misfolded AAT monomer for proteasomal degradation. Transiently expressed mutant and WT AAT variants underwent rapid destabilization in response to an artificially elevated ERManI concentration in the murine hepatoma cell line, Hepa1a. Based on the mannosidase-and lactacystin-sensitive properties of intracellular turnover, a stochastic model is proposed in which the delayed onset of the glycan modification, relative to the duration of nonnative protein structure, coordinates the preferential degradation of the misfolded monomer and spares the native molecule from destruction. Newly synthesized endogenous transferrin underwent degradation in response to an elevated concentration of ERManI, whereas the nonglycosylated secretory glycoprotein albumin was not affected. Taken together, these findings indicate that efficient conformational maturation might function as the initial quality control standard for a broad population of glycoproteins.
The exocytic pathway provides a physical route through which newly synthesized secretory and membrane proteins are deployed to the eukaryote cell surface. For newly synthesized ␣1-antitrypsin (AAT), the modification of its asparagine-linked oligosaccharides by a slow-acting mannosidase partitions the misfolded monomer into the proteasomal degradation pathway. Herein, we asked whether, and how, modification by endoplasmic reticulum mannosidase I (ERManI) contributes to the preferential selection of the misfolded AAT monomer for proteasomal degradation. Transiently expressed mutant and WT AAT variants underwent rapid destabilization in response to an artificially elevated ERManI concentration in the murine hepatoma cell line, Hepa1a. Based on the mannosidase-and lactacystin-sensitive properties of intracellular turnover, a stochastic model is proposed in which the delayed onset of the glycan modification, relative to the duration of nonnative protein structure, coordinates the preferential degradation of the misfolded monomer and spares the native molecule from destruction. Newly synthesized endogenous transferrin underwent degradation in response to an elevated concentration of ERManI, whereas the nonglycosylated secretory glycoprotein albumin was not affected. Taken together, these findings indicate that efficient conformational maturation might function as the initial quality control standard for a broad population of glycoproteins.
T
he majority of physiological systems that contribute to health or disease are, at their core, protein-driven processes. In fact, aberrant protein conformational rearrangement is the underlying etiologic agent of many genetic disorders. In the early exocytic pathway, secretory and membrane proteins unable to acquire native structure after biosynthesis are eliminated by a collection of processes designated ''endoplasmic reticulumassociated degradation'' (ERAD) (1) (2) (3) (4) (5) (6) (7) (8) . Prominent molecular events currently under intense investigation include the retrograde translocation of substrates into the cytosol via the Sec61p channel, conjugation with ubiquitin, and subsequent degradation by the multicatalytic 26S proteasome (for reviews, see refs. 3 and 8) .
In recent years, the delineation of events functionally upstream of substrate recruitment in ERAD has become a focal point for biomedical investigations (4, 5) . It is expected that the additional information will identify members of the global protein biosynthetic quality control network, most of which contribute to numerous loss-and gain-of-toxic-function disorders (6, 7) . To this end, a picture has emerged in which asparagine-linked glycosylation (Fig. 1a) assists the productive folding of newly synthesized glycoproteins by facilitating their physical interaction with a small family of lectins that contribute to the glycoprotein folding machinery (9) (10) (11) . Importantly, specific glycan modifications also provide a means by which an arsenal of oligosaccharide-processing enzymes and lectins mediate glycoprotein degradation in the absence of conformational maturation after biosynthesis (ref. 4 and references therein). The ability of ␣-1,2-mannosidase inhibition to arrest aberrant glycoprotein turnover indicates that glycoprotein ERAD (GERAD) is initiated through an early glycan-based proteasome-targeting event (4) . The intracellular location of the glycan modification, its sensitivity to kifunensine (12, 13) , and the results of yeast genetics (14) have implicated ER mannosidase I (ERManI) as the most likely cellular candidate responsible for generating the glycan-based component of a putative GERAD signal (4) . ERManI generates the glycan-based signal determinant through the slow removal of a single mannose unit from asparaginelinked Man 9 GlcNAc 2 (Fig. 1a) . Nonnative protein structure is proposed to function as an additional, but aglycone (i.e., noncarbohydrate), GERAD signal determinant (4, 5) . How the two components are used to accurately discriminate between slow folding and misfolded glycoproteins is not easily reconciled because nonnative structure persists during much of the biosynthetic maturation, even for WT glycoproteins (7) . Currently, the conceptual understanding of how ERManI functions in GERAD, if it functions at all, is limited to a poorly defined timing mechanism, or molecular clock (ref. 4 
and references therein).
Elucidation of the earliest steps in GERAD is expected to assist in the mechanism-based treatment of genetic disorders such as serum ␣1-antitrypsin (AAT) deficiency (15) . Accumulation of the aberrant glycoprotein in the distended hepatocyte ER (16, 17) , resulting from its inadequate elimination (18) , is the most common genetic risk factor for childhood liver disease (19) . Impaired AAT secretion is responsible for the elasolytic destruction of lung alveoli, which leads to chronic obstructive pulmonary emphysema. This loss-of-function phenotype reflects the role of serum AAT as the principal inhibitor of neutrophil elastase (20) . Herein, elucidation of how the initial mannosidasedependent targeting event contributes to GERAD substrate selection was investigated by transient expression studies in the murine hepatoma cell line, Hepa1a (4, 5, 17) . A model is proposed in which the timing of the glycan modification, relative to the duration of nonnative glycoprotein structure, functions as an underlying stochastic mechanism by which ERManI coordinates completion of the putative two-component GERAD signal in a manner that targets only newly synthesized AAT conformers with permanent structural defects for degradation by the proteasome.
Materials and Methods
Reagents. Routine chemicals and buffers were purchased from Sigma. Lactacystin was purchased from the E. J. Corey laboratory (Harvard Medical School, Boston). Kifunensine was from This paper was submitted directly (Track II) to the PNAS office.
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Toronto Research Chemicals (Downsview, ON, Canada). Lipofectamine 2000 Reagent was a product of Invitrogen. The murine hepatoma cell line Hepa1a (17, 21) was a kind gift from G. Darlington (Baylor College of Medicine). The cDNA for hemagglutinin-tagged murine ER degradation-enhancing ␣-mannosidase-like protein (EDEM), a generous gift from N. Hosokawa and K. Nagata (Kyoto University, Kyoto), was subcloned into the EcoRI site of pCDNA3.1 Zeo(ϩ) for transient expression. An immunoglobulin fraction of rabbit polyclonal anti-human AAT was purchased from Boehringer Mannheim. Rabbit polyclonal antiserum against transferrin was purchased from Sigma.
Transient Transfection. The murine hepatoma cell line Hepa1a was grown as monolayers in standard growth medium (21) and split into 100-mm dishes at a cell density of 70% confluence. On the following day, cell monolayers were transfected according to the Lipofectamine 2000 protocol with hERMI͞pCDNA3.1 Zeo(ϩ), which is the human ERManI cDNA (12) subcloned into the EcoRI site of pCDNA3.1Zeo(ϩ) (Invitrogen). Cotransfection was performed with the pCDNA3.1Zeo(ϩ) expression vector constructs in which the full-length cDNAs that encode human AAT variants null(Hong Kong) (21) , proteinase inhibitor (PI) Z (22), or PI M(Val-213) (21, 23) had been subcloned into the unique EcoRI site [i.e., hATZ͞pCDNA3.1Zeo(ϩ), hATNHK͞ pCDNA3.1Zeo(ϩ), and hATM͞pCDNA3.1 Zeo(ϩ)]. Briefly, 0.030 mg of Qiagen-grade plasmid DNA, diluted in 1.5 ml of Opti-MEM I medium (Invitrogen), were combined with 0.030 ml of Lipofectamine 2000 reagent in an equal volume of Opti-MEM I medium. Subsequent incubation at room temperature allowed for the formation of the DNA-liposome complex. After addition of 3 ml of Opti-MEMI medium, the 6-ml medium containing DNA-Lipo2000 complex was applied to one 100-mm dish. At least three dishes were used for each transfection. After 5 h of incubation at 37°C, 6 ml of 2ϫ complete medium were added to each dish for continuous cell growth. Forty-eight hours posttransfection, cells from all of the dishes were collected, mixed, and subcultured at identical cell densities in either 60-mm or 100-mm dishes to eliminate differences in transfection efficiency. Only in those experiments in which the transfection efficiency reached 65% was the analysis of the endogenous secretory glycoprotein transferrin performed.
Western Blotting. Approximately 48 h after transfection, 5 ϫ 10 6 cells were lysed in 1 ml of buffered Nonidet P-40. Equivalent aliquots were resolved by SDS͞PAGE and transferred to nitrocellulose before blotting with a rabbit polyclonal antibody (1:250) raised against a 20-aa synthetic peptide homologous to the C terminus of human ERMI (ERMI-CC20) that shares strong amino acid identity with the mouse homolog ( Fig. 1b ; Alpha Diagnostic, San Antonio, TX). Signals were detected with the recommended ECL Western blotting reagents (Amersham Pharmacia).
Metabolic Radiolabeling and Immunoprecipitation. Changes in the rate of target protein degradation were initiated 72 h posttransfection by pulse-chase metabolic radiolabeling with [ 35 S]methionine in combination with immunoprecipitation (24) . Monolayers of semiconfluent cells were incubated for 1 h at 37°C in complete medium with or without specific inhibitors (lactacystin, 0.025 mM; kifunensine, 0.2 mM), and then subjected to methionine starvation in methionine-free medium (ICN) with or without inhibitors for an additional 1 h. [ 35 S]Methionine (ICN) was added [0.150 mCi (1 Ci ϭ 37 GBq) per 100-mm dish] during a 10-min pulse, followed by up to 3 h of chase in serum-free DMEM (GIBCO͞BRL) containing 0.2 mM unlabeled methionine with or without specific inhibitors at the same concentration used during the preincubation and pulse. At the designed time points, cells were lysed with buffered Nonidet P-40 detergent.
Immunoprecipitates were generated from the cell lysates and medium as described (25) , and resolved by SDS͞PAGE for the detection of radiolabeled proteins by fluorography. A 1:100 dilution of rabbit polyclonal antiserum was used for the immunoprecipitation of endogenous transferrin. Quantitative analysis was performed by densitometric scanning by using the National Institutes of Health IMAGE program.
Results
Rapid Destabilization of Misfolded AAT in Response to the Overexpression of ERManI. Human AAT exhibits extensive allelic polymorphism (26) . Many of the mutations are capable of hindering conformational maturation after biosynthesis such that the translated polypeptides become substrates for intracellular degradation (15) . The consequences of elevated recombinant human ERManI overexpression on the fates of three allelic human AAT variants with distinct folding characteristics provided a model both to test the validity of the two-component GERAD signal hypothesis (Fig. 1a) , and to investigate the manner by which its formation coordinates the selection of substrates for degradation by the proteasome. Oligosaccharide structural studies were purposefully omitted from the experimental design because the latent removal of additional mannose units by ERManI (27) is suspected to occur after recognition of the completed GERAD signal and would unnecessarily complicate the interpretation of our findings. Furthermore, no attempts were made to identify any signals that might elicit the degradation of nonglycosylated proteins, as these are not relevant to the study of GERAD or serum AAT deficiency. Our strategy was to use the murine hepatoma cell line Hepa1a as a host in transient expression experiments because mannosidase-dependent oligosaccharide processing is the rate-limiting step in the proteasomal degradation of mutant AAT (28, 29) .
In mammalian cells, the role of ERManI in GERAD signal formation had originated from glycan inhibitor studies (ref. 4 , and references therein). Transient expression of human recombinant ERManI under the transcriptional control of the cytomegalovirus promoter͞enhancer routinely led to a 2-to 8-fold elevation of immunoreactive ERManI over the basal endogenous concentration and was a function of the DNA concentra- tion in the transfection solution (Materials and Methods). In the present study, the fates of distinct AAT variants were studied under conditions in which transfection routinely elevated the overall ERManI concentration Ϸ5-fold (Fig. 1b) . Under these conditions, the total ERManI concentration did not deviate by Ͼ20% in multiple experiments, or when cotransfected with the human AAT expression plasmids, or with pCDNA3.1(Zeoϩ) (not shown).
The truncation of 33 C-terminal amino acids from AAT variant null(Hong Kong) precludes conformational maturation after biosynthesis (Fig. 2a) , ensuring the persistence of nonnative protein structure during intracellular retention. The entire cohort of pulse-radiolabeled null(Hong Kong) was degraded when transiently expressed in Hepa1a (Fig. 2 b and c) , identical to that observed when stably expressed in this host cell line (24, 30) . Cotransfection with the ERManI expression construct rapidly destabilized newly synthesized null(Hong Kong) (Fig. 2 b and c) . That the anomaly represented accelerated degradation was confirmed by the capacity of lactacystin, a 26S proteasome inhibitor (31) , to arrest intracellular turnover (Fig. 2 d and e) . That rapid destabilization of variant null(Hong Kong) had resulted from elevated ERManI activity was confirmed by the ability of kifunensine, a general ␣-1,2-mannosidase inhibitor (32) , to arrest intracellular turnover (Fig. 2e) and prevent the discrete mobility shift in SDS͞PAGE (Fig. 2d) . The latter results from the processing of asparagine-linked glycans (28, 29) . Cotransfection with inactive human ERManI, resulting from the epitope tagging of its C terminus ER luminal domain (K.W.M., unpublished observations), failed to alter the rate of cotransfected null(Hong Kong) degradation as compared with the WT mannosidase (Fig. 3a) . That rapid degradation was not the result of an elevated intracellular concentration of EDEM, as previously published (33, 34) , was supported by the results of cotransfection studies in which EDEM did not significantly alter the fate of newly synthesized null(Hong Kong) in Hepa1a, as compared with HEK293 (Fig. 3b) . Importantly, a 5-fold range in the elevation of the EDEM concentration had no effect on null(HongKong) degradation in Hepa1a (not shown). This observation is consistent with the fact that GERAD signal recognition is mediated by EDEM as a rate-limiting step in the HEK293 (5, 33, 34) , whereas formation of the signal by ERManI is rate-limiting in Hepa1a (28, 29) .
Evidence for a Stochastic Role Played by ERManI. The inhibitory function of AAT involves insertion of the cleaved reactive center loop to generate an additional strand for the A ␤-sheet (35) . A mutation at the base of the reactive center loop (Fig. 4a) leads to a specific conformational rearrangement in variant PI Z (26) in which intermolecular loop insertion leads to spontaneous polymerization of the newly synthesized molecules (35) . The anomaly functions as the predominant intracellular retention mechanism in liver hepatocytes (16) , and is faithfully duplicated in Hepa1a (22, 30) . We took advantage of the fact that PI Z polymers, all of which originate from a late-folding intermediate (36) , are degraded in Hepa1a by a coexisting non-proteasomal disposal system (30) . The prediction was that if ERManI plays a stochastic role in GERAD signal formation, then its elevated concentration would result in the modification of glycans attached to the upstream nonnative monomer, rather than the structured polymers, and therefore lead to degradation by the proteasome (Fig. 4a) . At the endogenous ERManI concentration, Ͻ10% of newly synthesized PI Z was secreted into the medium (Fig. 4c) , and the remainder was degraded by a kifunensine-sensitive, but lactacystin-resistant, system (Fig. 4 d and  e) , as previously observed in stable expression experiments (30) .
Overexpression of ERManI accelerated the degradation of newly synthesized PI Z Ͼ3-fold over control (Fig. 4 b and c) . Under these conditions, degradation of almost the entire cohort of radiolabeled PI Z was mediated by the proteasome, as demonstrated by an acquired sensitivity to lactacystin (Fig. 4 d  and e) . The PI Z degradation was also susceptible to treatment with kifunensine ( Fig. d and e) , which ablated the electrophoretic shift of the radiolabeled molecules in SDS͞PAGE (Fig. 4d) . The findings are consistent with the notion that the ERManI concentration plays a stochastic role in timing the onset of the glycan modification, which leads to degradation.
Conformational Maturation Prevents Completion of the GERAD Sig-
nal. Next, we asked whether conformational maturation protects newly synthesized WT AAT from degradation through the attenuation of nonnative protein structure. At the basal endogenous ERManI concentration, the entire cohort of the newly synthesized WT AAT was quantitatively secreted into the medium (Fig. 5b) , identical to our previous observations in the stably transfected cells (21) . Intracellular conversion to the slower electrophoretic mobility, identical to that secreted into the medium (Fig. 5b) , reflects the conjugation of charged sialic acid residues to asparagine-linked glycans during transit through the trans Golgi compartment (24) . The prediction was that newly synthesized WT AAT would be diverted to the proteasome in response to ERManI overexpression in the event that the accelerated onset of the modification preferentially tags glycans attached to the early nonnative monomer (Fig.  5a) . Consistent with the prediction, ERManI overexpression led to rapid intracellular disappearance of newly synthesized WT AAT and concomitant loss of the radiolabeled molecules from the chase medium ( Fig. 5 b and c) .
That rapid destabilization of newly synthesized WT AAT resulted from intracellular degradation, rather than insolubility, was confirmed by the absence of radiolabeled AAT in the insoluble detergent cell extracts (not shown). This idea was also confirmed by the complete restoration of WT AAT secretion in response to treatment with kifunensine ( Fig. 5 b and c) . Here, the electrophoretic migration of the secreted molecules was similar to that of the intracellular species (Fig. 5b) resulting from the absence of sialic acid conjugation in the trans Golgi in response to mannosidase inhibition. That the up-regulation of EDEM is not involved in this phenomenon is supported by the prior observation that EDEM is incapable of eliciting the degradation of newly synthesized WT AAT (34) .
It is noteworthy that WT AAT secretion was also rescued in response to the ablation of a late step in the disposal process with the proteasome inhibitor lactacystin (Fig. 5 b and c) . The latter findings imply that one, or more, downstream steps that either mediate recognition of the completed GERAD signal or facilitate substrate recruitment are not necessarily committed steps in the disposal process in the event that conformational maturation is attainable. Taken together, the results are consistent with the proposed two-component GERAD signal hypothesis in which newly synthesized WT AAT is protected from degradation in response to the eventual loss of a GERAD signal component under the basal ERManI concentration.
Next, the fate of newly synthesized transferrin was investigated to determine whether an endogenous secretory glycoprotein (37) would be subject to the effects of an elevated ERManI concentration. In pulse-chase studies, newly synthesized transferrin was secreted at a rate equivalent to its loss from cells ( Fig.  6 a and b) . Under normal conditions, significant intracellular loss was not detected until 120 min of chase, and Ϸ90% of the original cohort was secreted by 180 min (Fig. 6 a and b) . However, in cells transfected with ERManI, intracellular loss was detected at 30 min of chase (Fig. 6a) , and only 45% of newly synthesized molecules were secreted at 180 min (Fig. 6a) . That the anomalies reflected rapid ERManI-mediated degradation was confirmed by the restoration of transferrin secretion when transfected cells were incubated with either kifunensine or lactacystin (Fig. 6 a and b) . That the entire cohort of newly synthesized transferrin was not subject to rapid degradation probably reflects the fact that the transfection efficiency was 65%, such that the remaining cells remained under control conditions. Under an identical set of conditions, the secretion of endogenous mouse albumin was unaffected (Fig. 6c) , indicating that the manipulation did not interfere with the secretion of a nonglycosylated secretory protein. Considering these findings, plus the fact that in no experiment did we detect the secretion of radiolabeled null(Hong Kong), it can be concluded that the collection of intracellular retention mechanisms were not affected by any of the manipulations. Taken together, these findings support the notion that ERManI may play a broad role in directing the fate of newly synthesized glycoproteins.
Discussion
Our (4) recent classification of GERAD as a distinct branch of the global ERAD network is based on several lines of evidence including: the observation that several aberrant glycoproteins are not substrates for degradation in response to de-glycosylation (ref. 4 , and references therein), the recent identification of a specific ubiquitin ligase capable of recognizing sugar chains (38) , and the molecular cloning of EDEM (33) , which is suspected to function in recognizing the GERAD signal (33, 34, 39, 40) .
A primary objective of the present study was to unmask the ''molecular logic'' by which the combination of GERAD signal determinants are used to preferentially target misfolded AAT for proteasomal degradation in a manner that spares early nonnative WT intermediates. The goal was to further our understanding of the rules that govern AAT biosynthetic quality control as a means to eventually uncover new disease markers and novel avenues for the treatment of serum AAT deficiency in which detailed structural data are available for both the WT and mutant variants (26) . This work is particularly relevant to the analysis of AAT deficiency in which biosynthetic quality control systems are reported to function as a conspicuous modifier of the associated loss-of-function (i.e., chronic obstructive pulmonary emphysema) and gain-of-toxic function (i.e., liver cirrhosis) (5, 41) disorders.
In the present study, the collective fates of both mutant and WT AAT variants revealed that the concentration of ERManI plays a central role in coordinating the initial discriminatory step in the disposal process. By delaying the onset of the glycan modification, relative to the duration of nonnative protein structure, the low basal ERManI concentration is responsible for coordinating the preferential degradation of the misfolded AAT monomer. That WT endogenous transferrin was subject to degradation by ERManI overexpression indicates that the system is not restricted to moderating the biosynthetic maturation of only AAT. Our contention is that coevolution of the secretory pathway with the nuclear envelope (4) reflects the temporal and spatial expansion of the eukaryote genome expression surveillance system in which ERManI functions as a GERAD gatekeeper, perhaps to a broad population of glycoproteins.
It is well known that physical interaction with ER lectins and traditional molecular chaperones can significantly influence productive polypeptide folding (42) , and may even alter the susceptibility of asparagine-linked glycans to ERManI (29) . As such, it is conceivable that, in any given cell, evolutionary factors have balanced the relative protein folding efficiency and quality control capacity to prevent the random and unwarranted elimination of endogenous newly synthesized glycoproteins. To this end, cell-specific adherence to a particular set of quality control standards, and the functional knit between coevolved folding and quality control pathways, might explain the altered stability of some proteins in heterologous expression systems (5, 11, 43) .
The present findings provide a mechanistic understanding as to how efficient conformational maturation can function as the initial quality control standard encountered by newly synthesized glycoproteins. However, because distinct folding and degradation programs apparently operate in different cell lines (5), it is premature to conclude that all glycoproteins are subject to the proposed model. Nevertheless, it seems that noncompliance with the established quality control standard underlies the decision to degrade terminally misfolded variant null(Hong Kong), whereas stability of WT AAT and transferrin is indicative of their involvement in efficient folding pathways. If correct, then the instability of newly synthesized WT AAT and transferrin reported in the present study likely reflects the inadequacy of the folding mechanisms to comply with the new standard set by artificial elevation of ERManI.
It is intriguing to speculate that cells might be able to regulate the quality control standard in response to changes in the environment, or physiological conditions, simply by altering the intracellular concentration of ERManI. In this manner, ERManI would have the capacity to function as an adjustable ''timer'' capable of influencing the glycoprotein structural maturation process. Because the mammalian ERManI gene is not under the transcriptional control by the unfolded protein response (36) , in contrast to EDEM (44) , it will be useful to investigate alternative strategies by which its intracellular concentration might be regulated. Shown is quantitation of pulse-radiolabeled transferrin in cells (circles) and the medium (squares) in response to the endogenous (black) and elevated (shaded) concentrations of ERManI, and in response to the specified treatments. The results from more than three experiments are shown. (c) Pulsechase radiolabeling and fluorographic detection of immunoprecipitated murine albumin (Alb) from cells and medium after cotransfection with ERManI (ϩtransf.) or with the empty vector (endog). In each of the studies, comparisons were made between identical numbers of cells in which the efficiency of transfection was Ϸ65%.
